Ultraconserved elements (UCEs) are sequences that are identical between reference genomes of distantly related species. As they are under negative selection and enriched near or in specific classes of genes, one explanation for their ultraconservation may be their involvement in important functions. Indeed, many UCEs can drive tissue-specific gene expression. We have demonstrated that nonexonic UCEs are depleted among segmental duplications (SDs) and copy number variants (CNVs) and proposed that their ultraconservation may reflect a mechanism of copy counting via comparison. Here, we report that nonexonic UCEs are also depleted among 10 of 11 recent genomewide data sets of human CNVs, including 3 obtained with strategies permitting greater precision in determining the extents of CNVs. We further present observations suggesting that nonexonic UCEs per se may contribute to this depletion and that their apparent dosage sensitivity was in effect when they became fixed in the last common ancestor of mammals, birds, and reptiles, consistent with dosage sensitivity contributing to ultraconservation. Finally, in searching for the mechanism(s) underlying the function of nonexonic UCEs, we have found that they are enriched in TAATTA, which is also the recognition sequence for the homeodomain DNA-binding module, and bounded by a change in A 1 T frequency.
A LIGNMENTS of reference genomes representing distantly related species have identified thousands of ultraconserved elements (UCEs) that are 100% identical (Bejerano et al. 2004; Derti et al. 2006; Stephen et al. 2008) , of which many are $200 bp in length. These UCEs, which can be intergenic, intronic, or exonic, are under negative selection (Drake et al. 2006; Chen et al. 2007; Katzman et al. 2007) and enriched in or near specific classes of genes (Bejerano et al. 2004) . They are therefore likely to encode important functions, including the regulation of gene expression (Pennacchio et al. 2006; Paparidis et al. 2007; Visel et al. 2008) . A number of laboratories have indeed demonstrated the ability of nonexonic (intergenic and intronic) UCEs to direct tissue-specific expression, and thus their capacity to act as enhancers (Pennacchio et al. 2006; Ahituv et al. 2007; Paparidis et al. 2007; Visel et al. 2008) . What remains puzzling is the ultraconservation of these UCEs, since enhancers appear to be quite tolerant of sequence changes (Ludwig et al. 2005; Fisher et al. 2006; Li et al. 2008; McGaughey et al. 2008; Rastegar et al. 2008) . The ultraconservation of nonexonic UCEs may therefore reflect a multiplicity of constraints, such as dual regulatory roles at the DNA and RNA levels (Feng et al. 2006) or a superimposition of binding sites for multiple transcription factors [Bejerano et al. 2004; Boffelli et al. 2004; De La Calle-Mustienes et al. 2005; Siepel et al. 2005; Derti et al. 2006; Pennacchio et al. 2006; Vavouri et al. 2007 ; also see related arguments for exonic UCEs (Derti et al. 2006) ]. The latter explanation is consistent with the putative enhancer-like activity of nonexonic UCEs as well as other highly conserved noncoding elements (CNEs) (Woolfe et al. 2005; McEwen et al. 2006; Pennacchio et al. 2006; Ahituv et al. 2007; Paparidis et al. 2007; Visel et al. 2008 ) and has also been hypothesized for invertebrate highly conserved elements (Siepel et al. 2005; Vavouri et al. 2007) . In support of these proposals, multiple transcription factor binding sites have been observed in an intronic UCE at the GLI3 locus (Paparidis et al. 2007) . However, an explanation involving overlapping binding sites for transcription factors would likely require a large number of such sites to maintain ultraconservation at all or most positions within a UCE. Alternatively, in conjunction with their enhancer activities, nonexonic UCEs may embody a separate function that constrains them at the sequence level. These authors contributed equally to this work. 2 Our earlier study asked whether the ultraconservation of UCEs might reflect an evolutionary constraint in addition to enhancer and/or other functions. In particular, we hypothesized a model involving copy counting via sequence comparison (Derti et al. 2006 ; also see Vavouri et al. 2007 for a consideration of sequence comparison). According to this model, the maternal and paternal copies of each UCE are compared at the sequence level, perhaps through pairing, such that genomes harboring mismatches of sufficient magnitude or deviations from a copy number of two suffer lowered fitness and are lost from the population over time. Such a mechanism would explain ultraconservation as well as predict that UCEs are dosage sensitive. In line with this prediction, we found that the 896 UCEs representing human-mouse-rat (HMR), human-dog-mouse (HDM), and human-chicken (HC) sequence elements $200 bp long are significantly depleted among human segmental duplications (SDs) consisting of sequences that are duplicated in reference genomes and $90% identical between fragments $5 kb in length (Cheung et al. 2003) or .1 kb in length (She et al. 2004) . Interestingly, the statistical evidence for the depletion is due primarily to depletion of the nonexonic UCEs. The nonexonic UCEs were also significantly depleted among CNVs, which include both duplications as well as deletions of genomic material. This finding was remarkable because CNVs are relatively recent and unlikely to have been subjected to as much natural selection as have the SDs in general; although some SDs are recent and may represent CNVs, other SDs can be as old as 40 million years and are fixed in the human population (reviewed in Bailey and Eichler 2006; Cooper et al. 2007 ). These observations of depletion are corroborated by a separate analysis of HMR UCEs and an independent CNV data set (Redon et al. 2006) . We also found that the depletions among SDs and CNVs were maintained, although gradually less so, even when the level of conservation was lowered to $97-98% identity (see Derti et al. 2006 for further discussion). This finding suggests that the mechanism of copy counting via comparison, if real, may not be uncompromising, consistent with the occurrence of SNPs in UCEs (Bejerano et al. 2004; Drake et al. 2006; Chen et al. 2007; Katzman et al. 2007 ) and the evidence that UCEs can drift (Derti et al. 2006; Stephen et al. 2008; Visel et al. 2008) . It also predicts that genomes may occasionally endure a change in the copy number of a UCE, should the duplication or deletion of genomic material confer a sufficient fitness advantage.
Although our depletion studies are consistent with a model for copy counting via comparison, it remains open whether nonexonic UCEs are dosage sensitive and, if so, whether the apparent sensitivity contributes directly to ultraconservation. For example, depletion of nonexonic UCEs from SDs and CNVs may simply reflect the location of the UCEs in regions or genes that are dosage sensitive, or the possibility that nonexonic UCEs are the regulatory elements of dosage-sensitive genes. With regard to the latter, ultraconservation of UCEs would stem from the importance of their regulatory function or the function of the genes that they control, but could be independent of a dosage sensitivity of the UCEs per se. One prediction of the proposal that nonexonic UCEs embody important gene regulatory functions is that individuals lacking such a UCE should display a mutant phenotype.
In fact, researchers have generated mice heterozygous or homozygous for a deletion of any of four tested nonexonic UCEs, and these mice appeared to be phenotypically normal, with normal viability and fertility (Ahituv et al. 2007) . While the robust nature of the heterozygous mice can be explained by the presence of one wild-type copy of the targeted UCE, the viability and fertility of the homozygous mutant mice argue against an immediately essential function of the UCEs as the basis for ultraconservation (Ahituv et al. 2007 ). It may be that the functions of these UCEs are more long term in nature, would be apparent only in a nonlaboratory setting, or are redundant within the genome of the mouse (Ahituv et al. 2007 ). Further, it is possible that the four tested UCEs are not representative of nonexonic UCEs in general. The outcome of these studies can also be reconciled with a model for copy counting via comparison, which predicts that loss of both the maternal and the paternal copies of a UCE could mitigate the deleterious consequences of the loss of a UCE (Derti et al. 2006) . That is, the loss of both copies of a UCE would preclude the capacity of the genome to detect that loss through sequence comparison. Again, any reduction in fitness resulting from heterozygosity for a deletion may not be detectable in the time frame of a laboratory experiment; indeed, as our studies rest on the analysis of SDs and CNVs, they speak primarily to the long-term effects of duplicating or deleting UCEs and do not address the potential of copy number changes to produce an immediate consequence. They do predict, however, that heterozygous animals have a lowered fitness that, even if not immediately measurable, in the wild would ultimately cause the deletion either to be lost or to become fixed.
In this report, we provide new observations and then consider them in light of models invoking a gene regulatory function for UCEs as well as a model in which UCEs are proposed to partake in copy counting via comparison. We begin by further assessing the apparent dosage sensitivity of nonexonic UCEs, determining whether nonexonic UCEs are depleted among the most recent CNV data sets. Importantly, these data sets include three ''second-generation'' maps (Korbel et al. 2007; Kidd et al. 2008; Perry et al. 2008) , each of which achieved a level of precision greater than that provided by earlier studies and therefore afforded our analyses a breadth and rigor exceeding that of our original report (Derti et al. 2006) . We also address whether the depletion that we observed among CNVs as well as SDs stems from the UCEs per se or from a dosage sensitivity of the surrounding genomic region and then consider when in evolutionary history the apparent dosage sensitivity might have arisen. Finally, we assess whether nonexonic UCEs share sequence and structural features that are not characteristic of the exonic UCEs.
MATERIALS AND METHODS
Identification of UCEs: UCEs were identified in the manner previously described (Derti et al. 2006 ; see supplemental Table 1 for coordinates). Briefly, the genome sequences of human (hg17) and chicken (galGal2) as well as the pairwise alignments of human genomic regions with their mouse (mm6), rat (rn3), dog (canFam1), and chicken orthologs (axtNet) were obtained from the University of California at Santa Cruz (UCSC) Genome Bioinformatics site (http:/ / genome.ucsc.edu). Ungapped sequences with perfect conservation between aligned orthologous blocks were identified, and sequences ,200 bp were removed. HMR and HDM UCEs were obtained by identifying the corresponding intersections of human-mouse, human-rat, and human-dog UCEs and then applying the 200-bp length threshold.
Human-horse-mouse (HHrM), human-cow-mouse (HCowM), human-opossum (HOp), and human-platypus (HPl) UCEs were constructed as described above, using pairwise alignments of human with horse (equCab1), cow (bosTau2), opossum (monDom4), and platypus (ornAna1). In these cases, alignments were available only with human genome hg18, and thus the UCEs identified were mapped back to hg17 with the liftOver utility provided by UCSC.
To separate UCEs into intergenic, intronic, and exonic subclasses, human mRNA sequences in RefSeq release 15 and UniGene build 188 were obtained from the National Center for Biotechnology Information and aligned to the genome to establish the boundaries of exonic, genic, and intergenic regions [supplemental methods of Derti et al. (2006) ]. mRNA alignments lying outside of Refseq boundaries were discarded. UCEs contained completely within intergenic and intronic spaces were deemed intergenic and intronic, respectively, while UCEs partially or completely overlapping exonic sequences were deemed exonic.
Imperfectly conserved sequences were defined using a protocol as similar as possible to that used to define UCEs (Derti et al. 2006) . Briefly, within human-mouse, human-rat, human-dog, and human-chicken alignments, genomic segments 200 bp long and tiled every base pair were assigned a conservation score; for each nucleotide, a score of 11 was added for a match, 0 for a mismatch, and À1 for a gap. As was the case for UCEs, overlapping human-mouse and human-rat segments formed HMR segments, and the lower of the two conservation scores was retained. The same procedure was conducted to obtain HDM segments. The maximum level of HMR, HDM, and HC conservation was used as the final conservation score. Finally, fragments conserved at 100% identity were subtracted from those conserved at $99% identity and, among the latter, only those of at least 200 bp in length were retained. Likewise, fragments conserved at $99% identity were then subtracted from fragments conserved at $98% identity, and so forth in steps of 1% identity. The process was iterated until all desired levels of conservation were achieved.
Compilation of CNV, insertion/deletion, and SD data sets: Our analyses considered CNV data sets published between September 2006 and May 2008. The coordinates of CNVs, insertion/deletions (indels), and SDs were obtained from sources cited in the text, with the exception of Pinto et al. (2007) and Jakobsson et al. (2008) , which were obtained from the Database of Genomic Variants (DGV; http:/ /projects. tcag.ca/variation), and the chicken SDs, which were obtained from a database maintained by E. E. Eichler and colleagues (http:/ /eichlerlab.gs.washington.edu/help/eray/CHICKEN/ chicken.html). Following the convention of DGV, CNVs .3 Mb in length were removed from all data sets, as these tend to be very rare and, when identified, often are due to cell-line artifacts or false positives (L. Feuk, personal communication). Overlapping CNVs were merged so that any overlap with other sequences would not be counted multiple times, and CNVs reported on unordered chromosomes were excluded. CNVs reported on a different genome build were mapped to hg17 with the liftOver utility. Coordinates on human chromosome sequences that were labeled ''random'' or unassigned on hg17 were discarded. If a data set reported whether its CNVs were recurrent, the recurrent CNVs and the nonrecurrent CNVs were also processed separately (removal of variants .3Mb, etc.).
Of the CNVs from De Smith et al. (2007) , only those identified on the basis of multiple probes were included. Zogopoulos et al. (2007) and Jakobsson et al. (2008) reported only recurrent CNVs (observed in more than one individual in their study population). Of the data sets of Mills et al. (2006) , Korbel et al. (2007) , and Kidd et al. (2008) , only deletions were considered, since insertions cannot consistently be assigned coordinates on the reference genome. For the deletion indels of Kidd et al. (2008) , the lengths of the actual deletions were used rather than those of the affected regions, and coordinates were inferred by centering each deletion within the respective affected sequence. The data set of Pinto et al. (2007) , obtained from the Database of Genomic Variants, merged a CNV data set obtained from 270 HapMap individuals with that obtained from 506 unrelated individuals of northern Germany.
Depletion analysis of UCEs, imperfectly conserved elements, and exons: Depletion analyses were conducted as previously described (Derti et al. 2006) . To quantify expected overlaps of UCEs or imperfectly conserved elements with SDs, CNVs, and/or indels, random sets of nonoverlapping sequences matched in number and length to the set of conserved elements or exons in question were selected from anywhere in the genome (excluding N's) or a fraction thereof, depending on the analysis. Overlaps with CNVs, indels, and SDs were then calculated in terms of number of fragments and base pairs. This process was iterated 1000 times, leading to an expected distribution of overlaps, which was found to follow a normal distribution (data not shown). Finally, the observed overlap was compared to the expected distribution of overlaps to determine the significance of depletion, if any. To confirm that the expected overlaps followed a normal distribution, the overlap in base pairs of each of 1000 random sets of sequences, matched to the combined set of conserved elements in length and number, with the union of all 10 CNV data sets showing a depletion of UCEs (data not shown; see Table 1 for the list of all CNV data sets and Table 2 for those showing a depletion of UCEs), was compared to 1000 values sampled from a normal distribution with a mean and standard deviation matched to those obtained in the random trials. The two distributions of overlaps were not significantly different from the two-sample Kolmogorov-Smirnov test for the equality of distribution functions (P . 0.55) or the Skewness/ Kurtosis tests for normality (P . 0.31). Because the expected overlaps followed a normal distribution, we were able to estimate the significance of depletion beyond the number of empirical trials by calculating the Z-score [(observed overlap À mean expected overlap)/standard deviation of null distribution], which was then converted into a P-value by the NORMDIST function in MS Excel. Random trials were conducted 10,000 times in a few instances, resulting in minimal changes in P-value (data not shown). For the overlap of conserved elements and CNVs, consistent results for the P-value and observed/expected ratio were obtained whether these were based on the number of overlapping base pairs or on the number of overlaps (data not shown).
In some analyses, random sequences were sampled from only specific fractions of the human genome. To assess the depletion of elements from the alignable portion of the genome, random sequences were drawn only from the portion of the human genome aligned with the mouse genome. Similarly, in analyses that stratified the conserved elements into intergenic, intronic, and exonic categories, random sequences were drawn from only the intergenic, intronic, and exonic spaces of the genome, respectively, while studies addressing the potential intrinsic dosage sensitivity of nonexonic elements conserved at a specific percentage of identity drew random sequences only from within genes containing those intronic conserved elements or within a specified distance (100, 250, 500 kb and 1 and 1.5 Mb) 59 and 39 from those intergenic conserved elements. To assess the depletion of exons of genes containing intronic conserved elements, random sequences were drawn only from the exonic spaces of the human genome.
To assess whether the physical clustering of some UCEs influenced their depletion within CNVs, we selected a distance threshold of 15 kb on the basis of the distribution of inter-UCE distances (Derti et al. 2006) , progressively joined UCEs if they lay within this distance of their immediate neighbor (i.e., a cluster could consist of multiple UCEs), and retained the actual distances when assigning random coordinates. No single or clustered random sequences were allowed within a cluster already placed randomly, and overlaps with CNVs were calculated for the UCEs and random sequences themselves, not for the lengths of the entire clusters.
Motif identification: Motif-x was designed to detect overrepresented patterns of amino acids surrounding phosphorylation sites (Schwartz and Gygi 2005) . Its algorithm employs an iterative approach of building a position weight matrix to discover motifs and to assess their statistical significance. However, the input need not be amino acid sequences. In fact, the program has been shown to extract motifs from English words and, hence, was easily adapted to search for motifs in DNA sequences. TAATTA, the most prominent motif identified by motif-x in our studies, was also the most prominent motif detected when we used two other independent motif-searching algorithms, MDScan (Liu et al. 2002) and Weeder (Pavesi et al. 2004) .
To find sequence motifs overrepresented in the intergenic, intronic, and exonic UCEs, we used a slightly modified version (see details below) of the motif-x algorithm. As input, the motif-x algorithm normally takes: (i) a central character; (ii) a foreground data set from which motifs are to be extracted; (iii) a background data set against which statistical comparisons are made; (iv) a motif width; (v) an occurrence threshold, which represents the minimum number of motif observations required; and (vi) a statistical significance threshold.
Here, motif-x was run four times for each analysis, with the central character being A, T, C, or G, and these other parameters: width ¼ 17; minimum foreground occurrences ¼ 200 for intergenic UCEs, 150 for intronic UCEs, and 80 for exonic UCEs; significance ¼ 0.000001 (non-Bonferroni corrected); background ¼ ''foreground unaligned'' with ''subtract foreground from background'' option checked. The ''foreground unaligned'' option allows users with a FASTA formatted foreground data set to use the foreground data set as the background. Since motif-x creates a justified foreground data set from the input sequences that is centered on a single position, the ''foreground unaligned'' option uses all n-mers (of the specified width) from the foreground data set as the background. Hence the algorithm consists of comparing position-centered data in the foreground to nonpositioncentered data in the background. The ''subtract foreground from background'' option simply subtracts from the background those sequences that are also in the foreground. Thus, if the foreground data set were composed of ''A'' centered sequences, the background data set would be composed of C-, G-, and Tcentered sequences. The ''subtract foreground from background'' option will be available on an upcoming new version of the motif-x website (http:/ /motif-x.med.harvard.edu).
Two additional modifications to the currently available version of motif-x were used for our analyses. First, we used a modification that allows motif-x to run in breadth-first search mode instead of the standard depth-first search mode, effectively widening the number of significant search paths that can be followed during each iteration of motif building, and thereby allowing motifs to be built along more than one path. The breadth parameter was set to 4, indicating that at each iteration of motif building, motif-x retained up to four positions that exceeded the chosen significance threshold. The normal operation of motif-x follows only one significant position at each iteration, so this modification to motif-x allowed for greater sensitivity and confidence in the extracted motifs when found in more than one way. Second, the motif logos generated by motif-x were set to show both under-and overrepresented bases at each position. (For further discussion of motif-x, see http:/ /motif-x.med.harvard.edu.
Sequence motifs identified by motif-x were then selected for further analysis if they contained: (a) at least four contiguous letters, (b) at least five letters with one substitution, or (c) at least six letters with up to two substitutions. These criteria were occasionally loosened to allow the retention of more putative motifs. For each motif detected within the intergenic, intronic, or exonic UCEs, we determined the number of UCEs of the corresponding class containing at least one instance of the motif and/or its reverse complement, as well as the total occurrences of the motif (and/or its reverse complement). Occurrences of the motifs were also determined in the 1-kb 59 and 1-kb 39 flanks of the UCEs. The number of times that a motif is expected to occur within the UCEs was then calculated by assuming a uniform distribution of the motif at the frequency observed in the 1-kb 59 and 1-kb 39 flanks. Fold enrichment was taken as the ratio of observed to expected instances of the motif. Motifs found in intergenic and intronic UCEs were reported if their fold enrichment was .1.3, while the enrichment threshold for exonic motifs was .0.96 in the interest of including TAATTA.
To find sequence motifs in the regions immediately flanking both boundaries of the UCEs, the two immediate flanks, each equivalent to one-half of the length of the UCE in question, were joined in pairs to be used as the foreground input for motif-x. All other parameters remained as described above. For each motif detected within the immediate flanks of UCEs, fold enrichment was calculated as the ratio of observed instances of the motif within the immediate flanks to the expected instances calculated on the basis of the frequency observed either within the UCEs themselves or in sequences distal to the UCEs, the latter sequences being the 1-kb regions flanking the UCEs minus the immediate flanks of the UCEs.
Selection of A 1 T content-and length-matched random sequences: One hundred sets of intergenic and intronic sequences matched in length to the intergenic and intronic UCEs, respectively, were randomly generated in the manner described above for the depletion analyses, after which the A 1 T content of each such sequence was calculated. For each UCE, we then selected five sequences whose A 1 T content was higher than, but as close as possible to, that of the UCE. If fewer than five such sequences occurred for a given UCE, we selected the five randomly chosen sequences with the highest A 1 T content. In these cases, the A 1 T contents were not appreciably below that of the corresponding UCE.
Statistical analysis: The Kolmogorov-Smirnov goodness-offit test, Skewness/Kurtosis tests for normality, the two-sample Wilcoxon rank-sum (Mann-Whitney) test, and the Wilcoxon signed rank-sum test were conducted in Stata/SE8.0 for Windows (Stata, College Station, TX).
RESULTS
Our studies began by addressing whether UCEs are depleted among the 11 recent genomewide data sets of CNVs involving multiple, apparently healthy subjects, in some cases numbering in the hundreds (Redon et al. 2006; De Smith et al. 2007; Korbel et al. 2007; Pinto et al. 2007; Simon-Sanchez et al. 2007; Wang et al. 2007; Wong et al. 2007; Zogopoulos et al. 2007; Jakobsson et al. 2008; Kidd et al. 2008; Perry et al. 2008) (Table 1;  see supplemental Table 2 for additional descriptions). Of these 11, 3 derive from second-generation technologies that employed sequencing or targeted oligonucleotide arrays to determine the extent of CNV regions with unprecedented resolution (Korbel et al. 2007; Kidd et al. 2008; Perry et al. 2008) . We excluded variants .3 Mb long following the conventions of the Database of Genomic Variants, but included those ,1 kb long (indels) ), since the latter should still be large enough to disrupt putative mechanisms involving gene regulation or sequence comparison. Furthermore, we considered only the deletions of some data sets (Mills et al. 2006; Korbel et al. 2007; Kidd et al. 2008 ; Table 1 ), as the sequences or positions of the duplications or insertions in these data sets could not be determined systematically (materials and methods). The overlaps between each data set and the 896 UCEs were then determined and compared to those obtained in control runs, in which we determined the number of overlaps between each data set and a thousand sets of randomly chosen sequences matched with the UCEs in terms of number and length of elements. These analyses permitted us to estimate the statistical significance of depletion in our studies (materials and methods).
We found significant depletion among all but one CNV data set (P , 10 À9 to 0.0045 for combined UCEs; Table 2 ), where variabilities in the significance (P) and strength (observed/expected) of depletion may derive, at least in part, from differences among the data sets in terms of size and the technologies used to identify CNVs. Our analyses also considered two data sets reporting indels (Table 2) , demonstrating significant depletion for the larger data set ) and a notable trend toward depletion, albeit not statistically significant, in the smaller data set (Mills et al. 2006) . These findings The CNV and indel data sets are ordered chronologically. The number of distinct elements (N ), total length (Mb), corresponding fraction of the genome (%), mean element length (6SD), and total number of individuals assayed are given for each data set; these numbers were calculated after overlapping elements were joined and unsequenced bases were excluded. The number of elements and total length may differ from published information because we excluded elements on unordered chromosomes and those .3 Mb, joined overlapping elements and then converted coordinates to hg17 if necessary, and excluded unsequenced bases (see materials and methods for additional information).
a Data sets referred to as ''second-generation.'' b Only deletions were included. are in accordance with previous observations (Derti et al. 2006) and are particularly compelling, given the strong depletion observed among the second-generation CNV data sets. Importantly, the depletion cannot be fully explained by different representations of CNVs and UCEs in genomic regions that are alignable with the mouse genome (supplemental Tables 2 and 3) , nonrepetitive (supplemental Table 2 ), or A 1 T rich (supplemental Figure 1) , or by the positional clustering of some UCEs (data not shown; materials and methods; also see Derti et al. 2006) . We repeated the analyses separately for the 422 intergenic, 302 intronic, and 172 exonic UCEs, where intergenic UCEs are defined as those that do not overlap human mRNAs, intronic UCEs as those lying entirely within intronic sequences, and exonic UCEs as those that overlap an exon (materials and methods). Consistent with our earlier observations (Derti et al. 2006) , these studies showed that, for any particular data set showing depletion, the statistical evidence for depletion was always driven by intergenic and/or intronic UCEs, but never by exonic UCEs alone, although exonic UCEs show depletion in some data sets. Note that the pattern of depletion among the three classes of UCEs differs among the CNV data sets; these variations may reflect the different methodologies used to obtain the CNV data sets. UCEs were also depleted when deletions and duplications were analyzed separately, even though the relative strength of depletion among deletions and duplications was somewhat variable among data sets (supplemental Table 4 ). Interestingly, depletion of exonic UCEs was significant among the duplications of some data sets. As exonic UCEs are not significantly depleted among human SDs, this finding may suggest that, if the duplication of exonic UCEs is deleterious, the negative consequences of such duplications are mitigated on the evolutionary timescale. Finally, we observed a trend toward greater depletion among recurrent CNVs, defined by their presence in multiple individuals (supplemental Table 5 ; also see supplemental Table 3 ). This finding may reflect a higher proportion of false positives among nonrecurrent CNVs or, as some nonrecurrent CNVs may represent relatively recent variants and/or those associated with deleterious phenotypes, indicate that nonrecurrent CNVs harboring UCEs have yet to be purged from the population. In line with this interpretation, our previous study found no overlap between human SDs and the intergenic and intronic UCEs [P , 10
À6
, observed/expected ¼ 0.00 for both classes of UCEs (Derti et al. 2006) ].
We next addressed the generality of our findings by expanding our analysis to include additional sets of mammalian UCEs (materials and methods; Figure  1 ). Accordingly, we extracted and characterized 499 human-horse-mouse (HHrM), 457 human-cow-mouse (HCowM), 684 human-opossum (HOp), and 399 humanplatypus (HPl) elements that are $200 bp long. We then determined whether these elements are depleted among the union of the three second-generation human CNV data sets (supplemental Table 6 ; see Table 1 and materials and methods for a full description of this union CNV data set) as well as among the union of all 10 CNV data sets showing a depletion of UCEs (data not shown; see Table 2 for a list of these sets). We observed significant depletion in all cases, again being driven primarily by the nonexonic UCEs. Not surprisingly, these new sets of UCEs are also strongly depleted among human SDs.
One interpretation of these findings is that the depletion of nonexonic UCEs among SDs and CNVs does not stem from a property or function of the UCEs per se, but is merely the consequence of the UCEs lying within or near regions of the genome containing dosage-sensitive genes or functions. In fact, and perhaps not surprisingly, the exons of genes containing intronic UCEs are depleted among human SDs (7506 bp of observed overlap, P ¼ 1.92 3 10
À4
, observed/expected ¼ 0.25), among the union of all three second-generation CNV data sets (2845 bp of observed overlap, P ¼ 8.39 3 10 À5 , observed/expected ¼ 0.12; see Table 1 and materials and methods for a full description of this union CNV data set), and among the union of all 10 CNV data sets showing a depletion of UCEs (data not shown; see Table 2 for a list of these sets). As such, we P-values indicate the significance of the difference between the observed and expected overlaps between UCEs and CNVs, where expected overlaps were determined by assessing the overlap between CNVs and 1000 sets of random sequences matched with the UCEs in number and length. Also shown are the number (N) of times a UCE overlaps a CNV or indel and the total number of base pairs (bp) in the overlaps in each analysis, as well as the mean (6SD) and minimum expected overlaps.
asked whether the apparent dosage sensitivity of UCEs is distinguishable from any that might be attributable to the genes or local genomic regions in which they reside. For these analyses, we considered the human SDs, the extents of which were determined through sequence analysis and thus are well defined (Cheung et al. 2003; She et al. 2004) , and the nonexonic UCEs of our original 896 UCE data set. In particular, the overlap of intronic UCEs with SDs was compared to that of sequences chosen at random from within only those genes containing intronic UCEs. Although it was clear that the power of these analyses would be limited by the small number of genes containing intronic UCEs (123 genes, $35 Mb or 1.2% of the genome) and the fact that these genes themselves are depleted among SDs (147,827 bp of observed overlap, P ¼ 0.005, observed/expected ¼ 0.10), we nonetheless asked whether the intronic UCEs are locally depleted among SDs as compared to other sequences within these same genes. As our earlier study had shown that elements conserved at $97-99% identity are also depleted within SDs, suggesting that they may share a dosage sensitivity related to that of UCEs (Derti et al. 2006 ; also see Introduction), we also examined the potential local dosage sensitivity of imperfectly conserved intronic elements, with the requirement for identity lowered from 100 to 90% in steps of 1% (Table 3) . Finally, parallel analyses were conducted for intergenic UCEs.
We found that depletion was absolute for the intronic UCEs as well as elements conserved at 99% identity (observed/expected ¼ 0.00), with a lesser but still notable depletion for elements conserved at 98% identity (observed/expected ¼ 0.49; Table 3 ). As predicted by the reduced power of these analyses, statistical significance was not achieved for these individual data sets, although the combined data set of all elements conserved at $98% identity was found to be significantly depleted (P ¼ 0.013, observed/expected ¼ 0.20). With regard to intronic sequences that are conserved at identities of #97%, depletion is much less pronounced or lost completely (Table 3) , consistent with our previous observation of a threshold of $97-98% identity for the depletion of conserved elements among SDs when random sequences were drawn from the entire genome (Derti et al. 2006) . These data suggest that the most highly conserved intronic elements may themselves be dosage sensitive. Interestingly, we have found a striking contrast between the intronic UCEs and the exons of genes containing intronic UCEs. Even though these exons are depleted among SDs when compared to all exons of the genome (see above), they are not depleted and, in fact, are enriched among SDs when compared to other sequences within those genes (observed/expected ¼ 3.66).
Analyses were also conducted to determine whether highly conserved intergenic elements are locally depleted among SDs relative to their neighboring sequences. In this case, we compared the depletion of intergenic UCEs and imperfectly conserved intergenic elements with that of sequences randomly selected from anywhere within 100, 250, and 500 kb and 1.0 and 1.5 Mb of the elements, choosing to run this series of analyses because, in contrast to our studies of intronic UCEs, there was no obvious logic for the selection of a unit of interest equivalent to that of a gene for intronic UCEs. As no intergenic UCE overlaps any SD in the entire genome (Derti et al. 2006) , depletion was absolute (observed/expected ¼ 0.00) for these elements at all distances tested although, again, the statistical significance of these depletions was limited by the reduced power of our analyses (Table 3 , supplemental Figure 2 ). We also assessed imperfectly conserved intergenic elements for local depletion and found moderate-toweak depletion in some cases. In contrast to the pattern of depletion observed for intronic elements, where depletion was absolute (observed/expected ¼ 0.00) even when the requirement for conservation was reduced to 99% identity, a reduction of 1% identity for intergenic elements resulted in a pronounced reduction of depletion regardless of the distance considered (e.g., observed/expected ¼ 0.90 and 0.68 at distances of 100 and 250 kb, respectively; supplemental Figure 2) .
These results argue that nonexonic UCEs as well as intronic elements conserved at 99 and 98% identity are depleted among SDs as compared to sequences chosen at random from within the genes in which they reside or, with respect to intergenic elements, the local genomic environment (defined as the region lying within a minimum of 100 kb of the element). They therefore suggest that the apparent dosage sensitivity of these elements cannot be fully explained by a potential dosage sensitivity of the surrounding sequence and therefore may be a feature intrinsic to the elements themselves. These observations are compatible with a model of copy counting via sequence comparison, which predicts a dosage sensitivity of nonexonic UCEs per se. They are also consistent with a regulatory, enhancer-like property of nonexonic UCEs (Pennacchio et al. 2006; Ahituv et al. 2007; Paparidis et al. 2007; Visel et al. 2008) , wherein duplication of these elements in cis or to distant sites could lead to deleterious gene expression.
Finally, we assessed the local depletion of intronic and intergenic UCEs among second-generation CNVs. While there was variability across the individual data sets of CNVs (data not shown), we observed depletion when considering the data sets in aggregate (supplemental Table 7 ). Importantly, depletion of intronic and intergenic UCEs from CNVs was strong (i.e., low observed/ expected) although, as predicted by the reduced power of these analyses, the significance of this observation was marginal at best. These results are comparable to those observed for the depletion of these elements among SDs (Table 3) . Varying degrees of depletion were also observed for some sets of imperfectly conserved ele-ments (see legend of supplemental Table 7 for discussion of the potential implications of this finding with regard to dosage-sensitive functions and the influence of natural selection).
We next turned our attention to when in evolutionary history the apparent dosage sensitivity of UCEs might have come into play. In particular, if dosage sensitivity is an intrinsic feature of UCEs, then we might expect the apparent dosage sensitivity to be as ancient as are the UCEs themselves. Specifically, as HMR UCEs became fixed $300-400 million years ago (Bejerano et al. 2004; Stephen et al. 2008) , at about the time when the sauropsidian (bird and reptile) and mammalian lineages diverged (International Chicken Genome Sequencing Consortium 2004; Figure 1 ), might the dosage sensitivity of nonexonic UCEs have been in effect at that time? We had previously demonstrated a depletion of UCEs among the SDs of mouse and dog, whose common ancestor with humans dates to $90-95 million years ago (reviewed in Murphy et al. 2004) , but the results were inconclusive with respect to the SDs of chicken (Derti et al. 2006) . Taking advantage of a recent map of chicken SDs, we have now observed a significant depletion of UCEs (2090 bp of observed overlap, P ¼ 0.0010, observed/ expected ¼ 0.35). Assuming a single origin of the apparent dosage sensitivity of UCEs, this finding suggests that such a dosage sensitivity of UCEs is at least as ancient as the divergence of sauropsids and mammals (Figure 1 ). This result is also consistent with that of an alternative approach, which examined the depletion of UCEs among human SDs that were defined by length and identity criteria lower than those generally used (Cheung et al. 2003; She et al. 2004 ) and therefore represented duplication events older than those previously analyzed (Derti et al. 2006 ; C. W. K. Chiang, unpublished results). These findings are remarkable given the distinct and strong forces that have shaped the evolution of the lineages (International Chicken Genome Sequencing Consortium 2004; Warren et al. 2008) .
In brief, our analyses have raised the possibility that dosage sensitivity is an integral feature of the nonexonic UCEs per se. To better understand these elements, we For analyses of intronic conserved elements (including intronic UCEs), the 1000 sets of random sequences matched with the conserved elements in number and length were chosen only from within the genes containing the intronic elements conserved at the indicated percentage of identity. For analyses of intergenic conserved elements (including intergenic UCEs), the random sequences were chosen from anywhere within the 100 kb lying 59 and 39 of these elements (see supplemental Figure 2 for results of analyses using other distances). The number and mean length of the conserved elements are indicated, as are those of the genes or regions flanking intergenic elements. The SDs were taken from Scherer and colleagues (Cheung et al. 2003) and Eichler and colleagues (She et al. 2004) .
a These data sets are not overlapping (materials and methods).
asked whether there may be structural features that distinguish them as discrete entities, distinct from flanking chromosomal regions (e.g., see Gardiner et al. 2006) . For example, because any chromosomal region in an individual is, barring structural changes, on average $99.9% identical to its homolog (International Hapmap Consortium 2005), a mechanism involving copy counting via comparison would likely have to distinguish a UCE from its flanking regions so that the comparison of the maternal and paternal copies is confined to the UCE. Furthermore, if the comparison of hundreds of nonexonic UCEs were to be accomplished by a single mechanism, the targeted UCEs would necessarily share features so that they could all be recognized by that single mechanism. Similarly, it may be that regulatory regions that are also ultraconserved share structural features that distinguish them from other regulatory elements. With this in mind, we examined the UCEs for sequence motifs and distinct boundaries. Note that our structural analyses were conducted with populations of UCEs in aggregate rather than with individual elements and are based entirely on primary sequence information. As such, they do not reflect the heterogeneity among members of any population or the numerous epigenetic mechanisms by which genetic elements can be modulated, considerations that lie beyond the scope of this report. Nevertheless, the analyses of UCE populations revealed interesting trends and commonalities. We began by applying the motif-x program (Schwartz and Gygi 2005) , originally designed for the analysis of protein sequences, to search for nucleic acid sequence motifs in our initial set of 896 UCEs (materials and methods). All motifs identified by motif-x as overrepresented in the UCEs were then validated by assessing their enrichment within UCEs as compared to their occurrence in the 1-kb regions flanking the UCEs. Several motifs were found to be enriched twofold or higher in the intergenic and/or intronic UCEs, while no motif achieved that level of enrichment in the exonic UCEs (Table 4) . As the boundaries of UCEs could as easily be defined by motifs just outside the UCEs, we also identified motifs enriched in the regions flanking UCEs (Table 4 legend). Here, we focus on motifs within the UCEs.
The motifs most overrepresented in intergenic and intronic UCEs contain the sequence TAAT, the core recognition sequence for homeodomain-containing proteins (Fraenkel et al. 1998) . Of these, the most prominent among both the intergenic and intronic UCEs is TAATTA (Table 4; Figure 2A ), which is also the recognition sequence for the engrailed homeodomain protein. Intriguingly, this motif is one of the 10 A 1 T-rich motifs enriched at the boundaries of CNEs identified through comparison of the human and Fugu genomes (Abnizova et al. 2007) and also is embedded in several other longer motifs found enriched among mammalian CNEs (Xie et al. 2007) . We also identified a number of other motifs, 3 of which are similar to motifs found in a separate study of human-Fugu conserved elements, including one UCE (Pennacchio et al. 2006) .
The TAATTA motif is 3.5-and 2.3-fold enriched in intergenic and intronic UCEs, respectively. This level of enrichment for TAATTA is greater than would be expected from the A 1 T content of intergenic and intronic UCEs (data not shown) or for any other combination of three A's and three T's (supplemental Table 8 ). To address the possibility that the genome is generally enriched in TAATTA vs. any other hexameric combinations of three T's and three A's, we compared the distributions of TAATTA among intergenic and intronic UCEs to those in five randomly chosen sets of intergenic and intronic sequences matched in A 1 T content and length to the respective sets of UCEs (materials and methods). These analyses showed a clear enrichment of TAATTA in the UCEs (Z ¼ 9.034, Stephen et al. 2008) . The number of UCEs shared between the human, mouse, and a third species are shown in green above the designation for the third species except in the cases of the opossum, platypus, and chicken, whose genomes were aligned only with the human genome. HMR, HC, and HDM UCEs were reported previously (Bejerano et al. 2004; International Chicken Genome Sequencing Consortium 2004; Derti et al. 2006) , and the remaining UCEs are reported in this study. On the basis of the evidence that nonexonic UCEs are depleted from human (Derti et al. 2006 and this article), mouse (Derti et al. 2006) , dog (Derti et al. 2006) , as well as chicken SDs (this article), and assuming a single origin for the apparent dosage sensitivity of nonexonic UCEs, it is likely that a dosage sensitivity of nonexonic UCEs was in place before the mammalian and the avian lineages diverged (*) and persisted at least along the lineages highlighted in blue. P > 10 À15 for intergenic UCEs, Figure 2B ; Z ¼ 8.133, P > 10 À15 for intronic UCEs, data not shown). This enrichment was maintained even if one degeneracy in either of the final two noncore positions of the motif was allowed (Z ¼ 15.050, P > 10 À15 for intergenic UCEs, Figure 2C ; Z ¼ 12.929, P > 10 À15 for intergenic UCEs, data not shown).
The TAATTA motif is found in 39.8% of intergenic and 38.4% of intronic UCEs as compared to 14.5 and 13.0% of length-and A 1 T-content-matched random intergenic and intronic sequences, respectively. Allowing degeneracy in one of the two noncore positions, the frequencies reach 94.7 and 93.0% as compared to 77.9 and 81.8% of length-and A 1 T-content-matched random sequences, with enrichments of 2.1-and 1.7-fold over flanking sequences, respectively. Finally, we have found that the frequency of TAATTA increases at the transition from flanking sequences into the nonexonic UCEs (supplemental Figure 2) , suggesting that the boundaries of nonexonic UCEs may be biologically significant.
To better characterize the boundaries of UCEs, we assessed the base composition of the UCEs and their flanking regions. As A 1 T-rich motifs and overall A 1 T richness can influence DNA topology, nucleosome positioning, and higher-order chromatin structure (Minsky 2004; Segal et al. 2006) , this analysis also addressed the potential for one or more of these chromosomal features to distinguish UCEs from their surrounding genomic regions. First, we found that intergenic and intronic UCEs are similar in A 1 T richness ($0.63) and are both significantly more A 1 T rich relative to their flanks, the flanks being computationally designated as one-half of the length of the UCEs (0.63 vs. 0.59, P > 10 À15 and 0.63 vs. 0.62, P ¼ 0.0126 for intergenic and intronic UCEs, respectively, by paired Wilcoxon signed-rank test; also see Figure 3 ). In contrast, the exonic UCEs are less A 1 T rich than both the intergenic and intronic UCEs and, furthermore, are significantly less A 1 T rich than are their flanks (0.58 vs. 0.60, P ¼ 0.0236 by paired Wilcoxon signed-rank test; also see Figure 3) .
We also paralleled a study that had revealed a sharp drop in the A 1 T frequency at and just beyond the boundaries of CNEs (Walter et al. 2005; Vavouri et al. 2007) . As detailed below, we found a similar drop for the nonexonic UCEs but, strikingly, not for the exonic UCEs. Here, we considered the intergenic, intronic, and exonic UCEs separately. We calculated the A 1 T frequency for each position of the 50 and 100 bp at the ends and center, respectively, of the UCEs in addition to that of the 1 kb lying 59 and 39 to them (Figure 3) . We found that the boundaries of intergenic and intronic UCEs, when assayed as a population, are marked by a sharp drop in A 1 T frequency just beyond the UCEs. The drop is most dramatic in the case of intergenic UCEs, where the A 1 T frequency of the The number (N) of UCEs that have at least one copy of the motif(s) identified by motif-x as well as the percentage (%) of the UCE subset that that number represents are shown. Also shown are the total observed and expected occurrences of the motif(s) in the UCEs, where the expected occurrences were determined by the frequency of the motif(s) in the 1-kb 59 and 39 flanks of the UCEs. Fold enrichment of motif(s) in the UCEs was calculated by dividing the observed by the expected occurrence. The intergenic, intronic, and exonic UCEs contain 422, 302, and 172 elements, respectively. TAATTA was not identified as a motif in the exonic UCEs, but is included for comparison. Motifs containing TAATTA are noted in italics. TAATTA is among 10 motifs enriched at the boundaries of CNEs (Abnizova et al. 2007) and is found in longer motifs enriched among mammalian CNEs (Xie et al. 2007) . Three other motifs (*) were found in a separate study of human-Fugu conserved elements, some of which are HMR UCEs (Pennacchio et al. 2006) . Motif discovery was also conducted for sequences flanking both sides of the UCEs, each flank of a UCE being one-half of the length of the UCE. Here, enrichment for a motif was calculated in two ways: relative to its occurrence in sequences distal to the flanks and relative to its occurrence within the UCEs (materials and methods).
Relative to occurrences distal to the flanks, the motifs most enriched in the flanks of intergenic, intronic, and exonic UCEs were CGCCG (1.64-fold enriched), CGCAG (1.89-fold enriched), and GCTCC (1.21-fold enriched), respectively. Relative to occurrences within UCEs, the motifs most enriched in the flanks of intergenic UCEs were CGCCG (4-fold enriched), AA(A/G)AAAA (2.89-fold enriched), CCCG (2.34 fold enriched), and CCACC (2.14-fold enriched); in the flanks of intronic UCEs was CCCC (1.78-fold enriched); and in the flanks of exonic UCEs, was GCTCC (1.23-fold enriched).
flanking sequences is notably lower than that of the UCEs. It is also evident for intronic UCEs, although the A 1 T frequency gradually rises over a region of $200 bp extending beyond the UCEs to approximately that of the UCEs (Figure 3) . The exonic UCEs stand in stark contrast to the nonexonic UCEs, as they are not bounded by a sharp drop in A 1 T frequency. Instead, they exhibit a gradual decrease in A 1 T frequency within the UCEs. This pattern was generally maintained even when we separately analyzed the boundaries of only those exonic UCEs lying entirely within exons or only the exonic boundaries of UCEs spanning exonintron junctions (data not shown). Interestingly, we continue to detect changes in A 1 T frequency at the boundaries of elements as we lower the requirement for conservation to 90% identity and less (supplemental Figures 3, 4 , and 5). This finding is consistent with observations of CNEs (Walter et al. 2005; Vavouri et al. 2007 ) and suggests that a change in A 1 T frequency may be a general marker for the boundaries of conserved elements (also see Walter et al. 2005; Vavouri et al. 2007) , as it has been proposed for the punctuation of transcription units and perhaps other discrete genetic elements as well (Zhang et al. 2004) . Significantly, the drop in A 1 T frequency immediately flanking the nonexonic UCEs is seen with nonexonic elements conserved at identities as low as 80% but then is no longer obvious at $75% identity, suggesting that this pattern may be a characteristic feature of highly conserved nonexonic elements. Importantly, however, both the intergenic and intronic UCEs have higher A 1 T content than all the corresponding elements conserved at lower identity, suggesting that a high A 1 T content in conjunction with a drop in A 1 T frequency at the boundaries may be a distinguishing signature of the nonexonic UCEs. DISCUSSION We have found that UCEs are depleted among 10 of the 11 most recently reported data sets of CNVs and that the significance of depletion is driven by the nonexonic UCEs, strongly confirming previous observations (Derti et al. 2006) . In addition, highly conserved nonexonic elements appear to be dosage sensitive themselves relative to their surrounding regions, the strength of depletion being strong and/or absolute for UCEs and elements conserved at 99 and 98% identity when considering intronic elements, while, perhaps interestingly, being strong only for the UCEs when considering intergenic elements. By demonstrating that nonexonic UCEs are depleted from SDs of chicken, we also provide evidence that a dosage sensitivity of nonexonic UCEs Figure 2. -TAATTA is enriched in intergenic and intronic UCEs. (A) Examples of motif-x sequence logo outputs of the TAATTA motif detected in intergenic (left) and intronic (right) UCEs. The vertical axes are in units of Àlog(binomial probability), which is a measure of the statistical significance of nucleotides at each position in the motif. Thus, the heights of nucleotides above and below the two black midlines are proportional to their binomial probability of overand underrepresentation in the UCE data set, respectively, with more significant nucleotides positioned closer to the midline. Positions fixed by motif-x (e.g., positions À2 through 13 in the examples shown) do not have additional nucleotide options. To become fixed, a nucleotide must both exceed the top blue line in height (P , 0.0001 after Bonferroni correction) and meet the user-defined occurrence threshold (materials and methods). The red line indicates the threshold necessary for a nucleotide to achieve statistical significance (P , 0.05 after Bonferroni correction). (B and C) TAATTA is enriched among intergenic UCEs compared to randomly chosen length-and A 1 T-contentmatched control sequences (materials and methods). By a two-sample Mann-Whitney test, the distributions of the numbers of TAATTA (B) or TAATTA with one degeneracy in either of the last two positions (C) are clearly shifted to the right for the UCEs (blue bars) relative to the matched random sequences (red bars) (Z ¼ 9.034, P > 10 À15 for TAATTA; Z ¼ 15.050, P > 10 À15 for TAATTA with one degeneracy). These data attest to an enrichment of TAATTA in intergenic UCEs. Similar results were obtained from our analyses of intronic UCEs (data not shown). may be as ancient as are the elements themselves, suggesting that such a sensitivity may have played a role in the ultraconservation of these elements during vertebrate evolution. Finally, intergenic and intronic UCEs, but not their exonic counterparts, are overall twofold or more enriched for a handful of motifs relative to their flanking sequences and bounded by a sharp change in A 1 T frequency. Note that while our studies have focused on the properties of nonexonic UCEs, they do not rule out the possibility that exonic UCEs share some structural and/or functional features with the nonexonic UCEs. Exonic UCEs also appear to harbor features that are specific to themselves, identifying them as a distinct class of genetic elements with functions beyond their protein-coding capacity (see Bejerano et al. 2004; Derti et al. 2006 ; Lareau et al. For each UCE, we extracted 1 kb of 59 and 39 flanking sequence together with 50 bp of sequence from either end of the UCE (blue). The middle 100 bp of each UCE was also included (red). The frequency of A 1 T nucleotides at each base-pair position was then computed over all 422 intergenic, 302 intronic, and 172 exonic UCEs (left). Additionally, the running average of A 1 T frequency was computed over an 11-bp window centered around each nucleotide position and is shown from positions 600 to 1600 (right). Vertical dotted lines mark the first base pair inside the UCE at both ends. Note that the most extreme singlebase-pair drop in A 1 T frequency at or near both boundaries of the nonexonic UCEs (left) may be due to an ascertainment bias in computationally defining conserved elements. Specifically, since nonexonic UCEs appear to be more A 1 T rich than their flanks and obvious biases in favor of A-to-G and T-to-C substitutions in mouse conserved noncoding elements have been noted (Dermitzakis et al. 2004) , it is possible that A/T-to-G/C substitutions are the likely cause of mismatches between the human genome and another genome. This single-base-pair drop, however, cannot fully explain the overall drop in A + T frequency flanking the intergenic and intronic UCEs.
2007; Ni et al. 2007) . Indeed, signatures for the intergenic, intronic, and exonic UCEs may well involve one or more of the many epigenetic marks that can augment the information content of a sequence of DNA; changes in A 1 Tcontent may be correlated with changes in DNA methylation, the positioning of nucleosomes, or shifts in the strength of pairing between the two strands of DNA, to mention just a few possibilities.
This dichotomy between nonexonic and exonic UCEs is also noteworthy considering the evolutionary distinction between the two (Stephen et al. 2008) : nonexonic, more than exonic, UCEs experienced an increase in number after the divergence of tetrapods (sauropsids, mammals, and amphibians) and teleosts (bony fish), accompanied by a remarkable deceleration of the molecular clock (Stephen et al. 2008) (Figure 1 ). These and related observations demonstrating that CNEs experienced a deceleration of the molecular clock prior to the divergence of tetrapods and teleosts (McEwen et al. 2006) have suggested that nonexonic UCEs and such CNEs played and continue to play key roles in vertebrate evolution and development. Aligned with this proposal is evidence supporting the hypothesis that these UCEs and CNEs function as highly important gene regulatory elements, such as enhancers, thereby providing a reason for their perfect or remarkably high conservation. This interpretation is widely supported by the capacity of these elements to direct transcription (Woolfe et al. 2005; McEwen et al. 2006; Pennacchio et al. 2006; Ahituv et al. 2007; Paparidis et al. 2007; Visel et al. 2008) and is also consistent with the enrichment in nonexonic UCEs for the recognition sequence of the homeodomain protein DNA-binding module (also see Abnizova et al. 2007) , which is found in many transcription factors (Fraenkel et al. 1998) .
Our findings are also consistent with an explanation for ultraconservation in which nonexonic UCEs are maintained through copy counting via sequence comparison and wherein significant departures from normal sequence or copy number lead to a decrease in fitness. Here, a pairing mechanism could align the two copies of each element and then use the motifs and boundaries of the elements to constrain comparisons to within the elements. In fact, UCEs appear to be enriched in recombination hotspots, raising the possibility that they may be near their homologs more frequently than are other loci (Derti et al. 2006 and C. W. K. Chiang, unpublished results; also see Derti et al. 2006 for further discussion). In addition to explaining how the conservation of these elements can be sustained through evolution, such a mechanism would also liken UCEs to sentinels of genomic integrity, ''genomic canaries'' that act in conjunction with other mechanisms (reviewed in Birchler and Veitia 2007) to monitor the dosage of chromosomal segments. Given the plethora of homology-driven phenomena found throughout the living kingdom and the involvement of pairing in several of these phenomena (reviewed in Wu and Morris 1999; Duncan 2002; Grant-Downton and Dickinson 2004; McKee 2004; Zickler 2006) , a homology-based mechanism leading to sequence conservation may not be surprising. Indeed, CNEs have been identified in invertebrates (Kent and Zahler 2000; Siepel et al. 2005; Vavouri et al. 2007) , raising the possibility that invertebrates may also have employed a form of sequence comparison, as has been considered elsewhere (Vavouri et al. 2007) .
In light of this discussion, we wonder whether the evolutionary constraints brought on by the complexities of development could have generated a multitude of sequences, such as enhancers, at the optimal copy number of two and invariant enough to qualify as the initial targets for primitive forms of copy counting via comparison. These putative original targets could have reflected the sequence specificities of the proposed machineries for copy counting; for example, enrichment in nonexonic UCEs for TAATTA could indicate an early role of homeodomain-containing transcription factors, consistent with hypotheses proposing that transcription and enhancers participate in pairing and other homology-based phenomena (reviewed in McKee 2004; Lee and Wu 2006 and references within). While some target elements could have continued to act also as key players in development, others could have relinquished their original roles over time and become nonessential with respect to developmental programs, persisting only as sites of copy counting regardless of whether their sequence composition retained the capacity to direct transcription. Maintenance of conserved sequences through copy counting via comparison, in turn, could have played a role in preserving powerful regulatory mechanisms, thereby influencing vertebrate evolution even as it left footprints of ultraconservation throughout the genome. depletion (observed/expected ¼ 0.00) of UCEs among both data sets (P ¼ 0.0067 and P ¼ 0.0010 for Cooper et al. 2008 and McCarroll et al. 2008, respectively) , where the statistical evidence for depletion was driven by depletion of the intergenic UCEs (P ¼ 0.0276 and P ¼ 0.0098, respectively); absolute depletion of intronic (P ¼ 0.1388 and P ¼ 0.1043, respectively) and exonic (P ¼ 0.1807 and P ¼ 0.1070) UCEs, however, was not significant. These findings, which are consistent with our analyses of other second-generation data sets, indicate that the observed depletions are not contingent on the platforms or methodologies used to detect CNVs and therefore support our proposal that the depletion of UCEs among CNVs is a general feature of the human genome.
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